Palmitylcarnitine, an amphiphile that accumulates in and leaks from ischemic heart tissue, affected the fast sodium ion channel and the slow calcium channel in avian ventricular muscle. In the presence of 5.4 DIM external potassium ion, palmitylcarnitine reduced the maximum rate of rise of the action potential and increased action potential duration at the plateau level without changing the resting potential. Steady state inactivation of the maximum rate of rise, an index of fast sodium ion current, was shifted by 3-6 mV to more positive potentials by palmitylcarnitine. Elevation of external calcium ion to 5.4 im (normal = 1.8 mM), like palmitylcarnitine, reduced the maximum rate of rise and shifted the voltage at which the action potential was half maximum by 3 mV to more positive potentials without changing the resting potential. Elevated external calcium ion, unlike palmitylcarnitine, reduced the duration of action potentials initiated from a resting potential of -80 mV. Palmitylcarnitine and elevated external calcium ion increased the amplitude, the maximum rate of rise, and duration of calcium ion dependent action potentials recorded in the presence of 25 miu [K + ] o that completely inactivated the fast sodium ion channel. Steady state inactivation of the maximum rate of rise of calcium-dependent action potentials was consistently shifted to more positive potentials by pamitylcamitine (3 mV) and by elevated external calcium ion (6 mV) when the initial external calcium ion was 0.9 mM. Palmitylcarnitine, like elevated calcium, evoked a positive inotropic effect in the presence of propranolol. The similarity of the effects of palmitylcarnitine (3 X 10~5 to 3 X 10~4M) with those of elevated external calcium is consistent with the hypothesis that palmitylcarnitine, like elevated external calcium, influences sodium and calcium channel operation by an effect on membrane surface charge. (Circ Res 52: 625-634, 1983) 
SUMMARY. Palmitylcarnitine, an amphiphile that accumulates in and leaks from ischemic heart tissue, affected the fast sodium ion channel and the slow calcium channel in avian ventricular muscle. In the presence of 5.4 DIM external potassium ion, palmitylcarnitine reduced the maximum rate of rise of the action potential and increased action potential duration at the plateau level without changing the resting potential. Steady state inactivation of the maximum rate of rise, an index of fast sodium ion current, was shifted by 3-6 mV to more positive potentials by palmitylcarnitine. Elevation of external calcium ion to 5.4 im (normal = 1.8 mM), like palmitylcarnitine, reduced the maximum rate of rise and shifted the voltage at which the action potential was half maximum by 3 mV to more positive potentials without changing the resting potential. Elevated external calcium ion, unlike palmitylcarnitine, reduced the duration of action potentials initiated from a resting potential of -80 mV. Palmitylcarnitine and elevated external calcium ion increased the amplitude, the maximum rate of rise, and duration of calcium ion dependent action potentials recorded in the presence of 25 miu [K + ] o that completely inactivated the fast sodium ion channel. Steady state inactivation of the maximum rate of rise of calcium-dependent action potentials was consistently shifted to more positive potentials by pamitylcamitine (3 mV) and by elevated external calcium ion (6 mV) when the initial external calcium ion was 0.9 mM. Palmitylcarnitine, like elevated calcium, evoked a positive inotropic effect in the presence of propranolol. The similarity of the effects of palmitylcarnitine (3 X 10~5 to 3 X 10~4M) with those of elevated external calcium is consistent with the hypothesis that palmitylcarnitine, like elevated external calcium, influences sodium and calcium channel operation by an effect on membrane surface charge. (Circ Res 52: [625] [626] [627] [628] [629] [630] [631] [632] [633] [634] 1983) SERUM LEVELS of free fatty acids (FFA) are abnormally elevated after acute myocardial infarction (Kurien and Oliver, 1966) . In patients with acute myocardial infarction, a direct relationship between highly elevated serum FFA, on one hand, and ventricular arrhythmias and death, on the other, has been suggested (Kurien and Oliver, 1970) . Mechanisms by which disturbances of lipid metabolism may modify membrane function in the ischemic heart have been reviewed recently (Katz and Messineo, 1981) .
Intermediates of FFA metabolism, particularly long chain acyl-CoA and acylcarnitine, accumulate in ischemic cardiac tissue with impaired mitochondrial metabolism (Liedtke et al., 1978) . During perfusion with high concentrations of exogeneous FFA, acyl-CoA increased about 1.5-fold, whereas long chain acylcarnitine increased by nearly 4-fold. Similarly, during episodes of ischemia, acyl-CoA rises 2-fold, and acylcarnitine increased from 4-to 6-fold above the level in non-ischemic tissue (Idell-Wenger et al., 1978; Shug et al., 1978) . Idell-Wenger et al. (1978) found that the increased concentration of acylcarnitine, most of which is palmitylcarnitine, was present largely in the cytosolic compartment. The accumulated FFA metabolites, acylcarnitines and lysophosphatidylcholine, may have access not only to transport proteins and lipids within the cell but also to those on the cell surface because they can leak into the extracellular space in the region surrounding the ischemic myocardium (Shug et al., 1978; Snyder et al., 1981) .
Palmitylcarnitine produced marked changes in the function of sarcoplasmic reticulum Ca ++ -ATPase and sarcolemmal Na + ,K + -ATPase isolated from canine ventricular muscle (Adams et al., 1979) . Low concentrations of palmitylcarnitine (5-50 JUM) inhibited Na + , K + -ATPase activity and ouabain binding to Na + -K + -ATPase, whereas they enhanced Ca ++ -ATPase activity and Ca ++ binding to sarcoplasmic reticulum. Higher concentrations (50-200 JUM) of palmitylcarnitine further inhibited Na + ,K + -ATPase activity and also inhibited Ca ++ -ATPase activity and Ca ++ binding (Pitts et al., 1978; Katz et al., 1980) . Palmitylcarnitine also affected ionic movements associated with the generation of the cardiac action potential. In canine Purkinje fibers, palmitylcarnitine decreased the maximum diastolic potential and the amplitude, the maximum rate of rise (Vmax), and the duration of the action potential . Inhibition of the early inward (Na + ) current, indicated by the reduction of V,^, occurred largely because membrane depolarization by palmitylcarnitine inactivated this current. However, the reduction of V ma x by palmitylcarnitine appeared greater than that achieved simply by membrane depolarization, so that the membrane responsiveness relationship in the presence of palmitylcarnitine would be shifted to more positive potentials.
The actions of palmitylcarnitine on transmembrane ionic current in avian ventricular muscle seemed to differ from those described in Purkinje fibers, a conclusion drawn from preliminary experiments in our laboratory (Inoue and Pappano, 1981) . Palmitylcarnitine shifted the inactivation curve of Vmax of phase 0 of the ventricular action potential to more positive potentials without changing the resting potential. The purpose of our study is to examine the effect of palmitylcarnitine on V maX/ and to elucidate the mechanism of its action on the fast Na + channel. Experiments also were done to investigate the mode of action of palmitylcarnitine on the slow Ca ++ channel in ventricular muscle.
Methods
Hatched male and female chicks of known birthdate (1-10 days) were decapitated and the hearts were rapidly excised. The left ventricles were discarded and a portion of the free wall of the right ventricle (approximately 2 mm X 3 mm) was pinned to the bottom of the tissue chamber (3.0ml volume) with the endocardial surface up. The preparations were superfused at a rate of 5.0 ml/min with modified Tyrode's solution containing (ITIM): K + , 5.4; Na + , 149; Ca ++ , 1.8; Mg ++ , 1.0; Cl~, 148; HCCV, 11.9; H 2 PO~4, 0.4; and glucose, 5.5. The solution was equilibrated with 95% O 2 and 5% CO2 and had a pH of 7.3-7.4. The tissue chamber was kept at 37.0°C; temperature did not vary more than 0.5°C during the experiments. The preparations were equilibrated in modified Tyrode's solution for at least 60 minutes.
Membrane potentials were recorded with glass microelectrodes filled with 3 M KC1 and having resistances of 15-30 MSi. A DC preamplifier (WPI, model M-701) with a high input impedance and negative capacitance for optimal recording of potential transients was used to record membrane potentials. Membrane potentials were displayed on an oscilloscope and differentiated by an operational amplifier (Tektronix, type 0) with a response linear from 0 to 500 V/sec to provide a measurement of V ma x during phase 0 and during the plateau phase of the action potential.
The preparations were electrically driven by rectangular pulses delivered through a glass-insulated silver electrode (tip diameter of 250 pirn) at distances S2 mm from the recording electrode. The stimulus intensity was twice diastolic threshold and the stimulus frequency was 1 Hz for evoking action potentials dependent on the fast Na + conductance (GN S ) and 0.1 Hz for evoking action potentials dependent on the slow Ca ++ conductance (Gca).
Solutions with elevated K + concentration were made by substitution of KC1 for NaCl in the Tyrode's solution; the sum of K + and Na + concentrations was constant at 154.4 mM. The steady state relation between V,™, and the resting membrane potential was determined by depolarizing the preparation with elevated external K + . The perfusion solution was switched from one containing 5.4 mM K + to one containing 25 mM K + to obtain the steady state inactivation curve of the fast Na + channel (hoov^J, and from one containing 25 mM K + to one containing 60 mM K + to obtain the steady state inactivation curve of the slow Ca ++ channel (f»v m )-'* to°k about 3-4 minutes to reach a steady state. Although there is evidence to the contrary (reviewed in Carmeliet and Vereecke, 1979) , we cannot exclude the possibility of membrane potential-independent effects of elevated K + on Vmax, which has been reported by others (Kishida et al., 1979) . However, it seems unlikely that there are membrane potential-independent effects of K + with palmitylcarnitine because the slope factor for the ruoivj-Em relationship was essentially unchanged in the presence of palmitylcarnitine. In 10 experiments, the slope factor averaged 5.4 ± 0.3 in the absence of palmitylcarnitine and did not change significantly in 3 X 10~5M (0 ± 1, n =6) or in 3 X 10~*M (1 ± 0, n = 4 ) palmitylcarnitine. The maximum rate of rise of the action potential in 5.4 mM K + and in 25 mM K + was used as an index of GNB and Gca, respectively. (The Ca ++ -dependent action potentials observed in solutions of 25 mM K + -saline did not require the addition of catecholamines.) Evidence has been presented that V m ax is a reliable index of GN 8 in uniformly polarized cardiac fibers (Hondeghem, 1978; Walton and Fozzard, 1979) , although there is a disagreement on this matter (Cohen and Strichartz, 1977) . Measurements of V ma , during phase 0 of the action potential in chick ventricle were obtained during impulse propagation. Under these conditions, there is no change in membrane voltage at which V ma x occurred (Iijima and Pappano, 1979) . Assuming that, in this tisue, iNa is much greater than all other currents during phase 0, V ma x would be proportional to GN O although the occurrence of propagation would render V ma x a GN 0 1/2 (Marcus and Fozzard, 1981) . In view of these limitations, the effects of membrane voltage and tetrodotoxin on V max of phase 0 are consistent with the conclusion that the physiochemical properties of GNB in chick ventricular muscle are similar to those of peripheral nerve (Iijima and Pappano, 1979; Marcus and Fozzard, 1981) . The validity of Vmax as an index of Gc a in uniformly depolarized Purkinje fibers has been presented by Kass et al. (1979) . In our preparations, the "slow response" or Ca-dependent action potential was recorded during propagation, and V max measurements will reflect net membrane current carried by inward ic a and by outward JK-At the resting membrane potential in 25 mM K + , V ma x of the "slow response" increased in the presence of palmitylcarnitine. This result can be explained by: (1) an increase of ica, (2) a decrease of JK, or (3) a combination of both effects. The first explanation is favored because of the Ca-dependent action potential and because of the linear relationship of (Vmax)" 1 vs. [Ca ++ ] o "' in chick ventricular muscle (Hachisu and Pappano, 1983) . However, mechanisms (2) and (3) cannot be excluded completely as possible explanations for an increase of V ma x of the Ca-dependent action potential.
L-Palmitylcarnitine was added directly to the saline solution at the desired concentration. Measurements were made only when the microelectrode impalement was maintained throughout the experiment. If the impalement was lost during the course of changing solutions, the experiment was disregarded. The effects of palmitylcarnitine on action potentials were slowly reversible (about 1 hour). The effect of palmitylcarnitine on the force of contraction was measured in eight experiments. Cardiac muscle twitches were recorded from strips of ventricular muscle in the manner described in a previous report from this laboratory (Higgins 627 and . Measurements are given as mean ± SEM. Student's t-test was used to evaluate the statistical significance of the paired data which were obtained from a single cell.
Results

Palmitylcamitine and Membrane Excitation in 5.4 mMK +
The effects of L-palmitylcarnitine (3 X lCT 4 M) on the action potential of a chick right ventricular cell are shown in Figure 1 . After 20 minutes in the presence of L-palmitylcarnitine, the action potential duration at 0 mV (APD Z ero) and at 90% (APD90) repolarization increased by 25% and 22%, respectively, whereas the resting potential (Em) and overshoot (Eov) were unchanged (Fig. 1A) . The records in Figure  IB , obtained at a faster sweep speed, show that Vmax decreased about 13% at constant latency. Latency increased in the presence of L-palmitylcarnitine by 0.3 ± 0.4 msec (3 X 10" 5 M, n = 6 ) and by 0.7 ± 0.5 msec (3 X 10~4 M, n = 4) from an initial value of 3.1 ± 0.5 msec. To exclude possible changes in the value of the inactivation variable (h) caused by increased latency as a mechanism for the reduced Vmax (Walton and Fozzard, 1979) , stimulus intensity was increased slightly in the presence of palmitylcamitine to maintain constant latency.
The effects of L-palmitylcarnitine (3 X 10~5 and 3 X 10~4 M) on membrane potentials in 5.4 min K are summarized in Table 1 . Steady state effects of Lpalmitylcarnitine occurred in 15-20 minutes and slowly reversed within about 1 hour after superfusion with Tyrode's solution. Neither resting Em nor Eov changed significantly in either concentration of Lpalmitylcarnitine. At 3 X 10~5 M, L-palmitylcarnitine consistently and significantly (P < 0.05) reduced V ma x   TABLE 1 L-Palmitylcarnitine and Membrane Potentials in 5.4 mM K + FICURE 1. Effect of L-paimitylcarnitine on ventricular action potential recorded from a single cell in 5.4 miu K + -saline. Control action potential (-PQ and that obtained in 3 X 10 ~* M palmitylcamitine ( +PC) are displayed at slow (part A) and fast (part B) sweep speeds. Horizontal calibrations for time in part A (50 msec) and in part B (2 msec) mark zero potential level; vertical calibration for voltage (80 mV) in part A applied to all records. Vertical calibration for Vmax (200 V/sec) in part B applies to lowest trace in this panel. Arrows mark the peak of V »", trace in absence ( -PQ and presence (+PQ of palmitylcamitine. and increased APD zer o and APD90. At 3 X 10 4 M, Lpalmitylcarnitine reduced Vmax and increased APD in two out of four cells (one of which is shown in Fig. 1 ).
In the other cells, there was no change in V mflx and either no change or a slight decrease of APD. The reason for the diminished average effect of 3 X 10~4 M L-palmitylcarnitine is not known. It is evident that the action of L-palmitylcarnitine on Vh (see above, Table 1) is concentration-dependent, as is its effect to prolong the Ca ++ -dependent action potential in depolarized preparations, which would increase Al D z ero •
Steady State Inactivation of Fast Na + Channel
The voltage dependence of the steady state inactivation of V m ax is described as follows:
where hoc = steady state inactivation of V ma x, z = the slope factor, AV = the difference between the test voltage and the voltage (Vh) at which V max is 0.5 of maximum, and F, R, and T have their usual physical meanings (Jack, Noble and Tsien, p. 242, 1975) .
Steady state inactivation of Vmax was measured as the membrane was depolarized by increasing the external K + concentration ([K + ]o) from 5.4 to 25 mM. Thereafter, [K + ]o was reduced to 5.4 min and a steady state inactivation curve was again obtained from the same cell in the presence of L-palmitylcarnitine at least 15 minutes after the resting Em and V ma x had recovered completely from the previous exposure to 25 mM K + . A typical result is shown in Figure 2 which was obtained from the same cell as shown in Figure  1 . In Figure 2A , L-palmitylcarnitine reduced V max at the resting Em of -84 mV. Steady state inactivation of Vmflx revealed that the inactivation curve in palmitylcamitine crossed over the control curve at -65 mV. 1 indicate that palmitylcarnitine consistently shifted the steady state inactivation curve to less negative potentials without changing the slope factor. The shift of V h was statistically significant and concentration dependent; the positive shift of Vh averaged 3 ± 1 mV in 3 X 10" 5 M and 6 ± 1 mV in 3 X 10" 4 M Lpalmitylcarnitine.
We elevated the concentration of calcium in modified Tyrode's solution from 1.8 to 5.4 ITIM in order to study the effect of elevated calcium on the steady state inactivation of the fast Na + channel. A typical result is shown in Figure 3 . In the presence of 5.4 mM Ca ++ , Vma* was reduced about 13% at -8 0 mV (Fig.  3A) , and the steady state inactivation curve in 5.4 mM Ca ++ crossed over the control curve obtained in 1.8 mM Ca ++ at -69 mV. When the data were normalized, the curve relating Vmax to resting Em shifted to less negative potentials by 4 mV in 5.4 mM Ca ++ (Fig. 3B) . The mean shift of V h was 3 ± 1 mV (P < 0.05;, n = 4). The mean reduction of Vmax was 21 ± 10% (n = 4) when Ca ++ was raised to 5.4 mM. Action potential duration at 0 mV decreased in elevated Ca ++ by 25 ± 6% (n = 3).
Palmitylcarnitine and Membrane Excitation in 25 mMK +
When ventricular muscle was superfused with Tyrode's solution containing 25 mM K + with 0.9 mM Ca ++ , the membrane depolarized and the resting Em averaged -43 mV. At this potential, the fast Na + conductance was completely inactivated. However, most preparations could be excited to produce action potentials with a very slow rate of rise (V^,, < 10 mV/sec) that was not affected by tetrodotoxin (TTX). These action potentials are called "slow" because V m ax is low, and because they are caused by the activation of the secondary inward conductance (G S i).
The slow action potentials are graded in amplitude and have a long refractory period; therefore, high intensity stimulation (5 msec duration, 1-10 V intensity) at low frequencies (0.1 Hz) was used to maximize the action potential amplitude and V ma x. The control values of the Ca ++ -dependent action potentials obtained under these conditions (25 mM K + , 0.9 mM Ca ++ ) are summarized in Table 2 .
Traces of the Ca ++ -dependent action potential in the absence (-PC) and presence (+PC) of L-palmitylcarnitine (3 X 10~5 M) are shown in Figure 4 . After 15 minutes in L-palmitylcarnitine, Eov, Vmax, and APD at 50% repolarization (APD 50%) increased markedly, whereas the resting Em did not change (Fig. 4) . The enhancement of the Ca ++ -dependent action potential by L-palmitylcarnitine, which reached a steady state in 15 minutes, was not associated with a change of diastolic stimulus threshold. As shown in Table 2 , Lpalmitylcarnitine increased Eov, Vmax, and APD 50% significantly (P < 0.05) and in a concentration-dependent manner. Palmitylcarnitine had no significant effect on the resting Em at either concentration. 
Steady State Inactivation of Slow Ca ++ Channel
Steady state inactivation of slow Ca ++ channel (fa,) occurs at less negative potentials, compared with that of the fast Na + channel, (h«) (Carmeliet and Vereecke, 1979) . In mammalian heart, the fa, -V relation has been described as follows: In the presence of L-palmitylcarnitine, V " " increased to 6 V/sec from a control value of 4 V/sec. Reuter and Scholz, 1977; Trautwein et al., 1975) , where V m is the membrane potential at excitation, Vh is the potential at which L = 0.5 and k is the slope factor. Steady state inactivation of the Ca ++ -dependent action potential was determined by measurement of V max as the external K + concentration was changed from 25 to 60 mM. The results obtained from a single cell (same as in Fig. 4 ) are shown in Figure 5 . L-Palmitylcarnitine (3 X 10" 5 M, filled circles), increased V m ax at the resting Em of -42 mV and shifted the relation between Vmax and resting Em toward more positive potentials. The data in Figure 5A were normalized and are shown in Figure SB . The curve relating Vmax to resting Em was described by Equation 2 with k = 2 in the absence and presence of L-palmitylcarnitine. The voltage shift in palmitylcarnitine was 3 mV toward more positive potentials (Fig. 5B ). In the presence of 0.9 mM Ca ++ , L-palmitylcarnitine consistently and significantly (P < 0.05) shifted V h to more positive potentials in each of 10 cells (Table 2) .
Catecholamines, which enhance Gc a , did not shift the foo -V relation and did not affect the inactivation process of the slow Ca ++ channel (Reuter, 1982) . In our experiments, isoproterenol (10~7 M) also did not shift the foo -V curve (data not shown). Experiments were done to determine whether elevated Ca ++ concentration shifted the fa, -V relation. The effects of raising Ca ++ from 0.9 to 5.4 mM are summarized in Table 2 . A 6-fold increase of Ca ++ from 0.9 to 5.4 mM was accompanied by significant (P < 0.05) increases of Eov, Vmax, and APD 50% (Table 2) . Although resting Em was not changed significantly in these experiments, the shift of Vh to more positive potentials was statistically significant (P < 0.05, Table 2 ). Therefore, L-palmitylcarnitine and 5.4 mM Ca ++ produced qualitatively similar effects on resting Em, Eov, Vma,, APD 50%, and V h . [In 1.8 mM [Ca ++ ] 0 , V h was -30 ± 1 mV. Under these conditions, V h did not change significantly either in the presence of palmitylcarnitine (Vh = -28 ± 1 mV, n = 9) or in 5.4 mM [Ca ++ ] 0 (V h = -2 9 ± 2mV, n = 3)].
Effect of Palmitylcarnitine on Contractions
The ability of L-palmitylcarnitine to increase the magnitude of the Ca ++ -dependent action potential prompted an examination of its effect on the force of contraction. Palmitylcarnitine increased the force of contraction in right ventricular muscle strips superfused with 5.4 mM K + -saline and stimulated at 1 Hz; a typical result is shown in Figure 6 . At 15 minutes, palmitylcarnitine (3 X 10~4 M) increased the force of contraction to 193% of control values in the presence of 3 X 10~7 M propranolol. The positive inotropic effect of palmitylcarnitine reached a steady state in 15-20 minutes and diminished to control values within 60 minutes after removal of palmitylcarnitinecontaining solution (Fig. 6) . Summarily, after a 15minute exposure, palmitylcarnitine increased the force of contraction to 151 ± 20% at 3 X 10~5 M (n = 4) and to 242 ± 45% at 3 X 10" 4 M (n = 4 ) . All experiments were done in the presence of propranolol except one in which 3 X 10~4 M palmitylcarnitine increased twitch tension to 228% of initial values at 15 minutes. At 30 minutes after removal of 3 X 10~5 M and 3 X 10~4 M palmitylcarnitine, twitch tension had decreased to 120 ± 29% and 145 ± 29% of initial values, respectively. At 60 minutes, twitch tension reached values that were 92 ± 18% and 86 ± 9% of those recorded before exposure to 3 X 10~5 M and 3 X 10~4 M palmitylcarnitine, respectively.
Discussion
The action potential in cardiac muscle is generated by an early inward current carried by Na + , which is responsible for the rapid depolarization phase, and a 
L-Palmitylcarnitine and Calcium on Ca ++ -Dependent Action Potentials
Resting Em (mV) Eov (mV) V™ (V/sec) APD-OmV (msec) V h (mV)
Control (17) -41 ± 0 10 ± 1 4.5 ± 0.6 37 ± 5 -32 ± 0 Changes produced by palmitylcarnitine at 3 X 10" 5 M (6) 0 ± 0 5 ± 1* 2.4 ± 0.9* 8 ± 2* 3 ± 1* 3 X 10" 4 M (6) 1 ± 1 9 ± 3* 4.9 ± 2.1* 28 ± 5 * 3 ± 1* Ca + at 5.4 mM (5) 0 ± 1 24 ± 2 * 4.3 ± 0.6* 25 ± 7* 6 ± 2* Measurements are given as mean ± SEM with the number of cells shown in parentheses. * P < 0.05 with respect to control values. later inward current carried primarily by Ca ++ , which is responsible for the plateau phase (reviewed in Carmeliet and Vereecke, 1979) . Palmityicarnitine affected both of these excitatory inward currents in avian ventricular muscle in a manner that mimicked that of elevated Ca ++ .
The similar actions of L-palmitylcarnitine and elevated Ca ++ include:
1. A reduction of V max of phase 0 at very negative resting potentials (-80 to -85 mV). This effect was more prominent with 3 X 10~5 M than with 3 X 1CT 4 M L-palmitylcamitine.
2. A shift of the steady state inactivation curve of Vmax (and presumably of the fast inward iNa) to less negative potentials. The voltage shift produced by Lpalmitylcarnitine (3-6 mV) resembled qualitatively and quantitatively the voltage shift produced by elevated Ca ++ (3 mV). A positive shift of the Na + -inactivation curve by elevated Ca ++ was first reported by Weidmann (1955) in cardiac Purkinje fibers, and this observation has been replicated in a variety of cardiac cells (reviewed in Carmeliet and Vereecke, 1979) . Therefore, Vmax, which begins at a smaller value in palmityicarnitine or elevated Ca ++ , eventually becomes greater during K + -induced depolarization by virtue of a "cross-over" of the h» -V relation obtained in 1.8 mM Ca ++ . Such an effect has been observed for elevated Ca ++ and for Mn + + in Purkinje fibers from dogs (Hogan and Spitzer, 1975) and for elevated Ca ++ in guinea pig papillary muscle (Windisch and Tritthart, 1981) .
3. An increase of the amplitude, Vmax, and duration of Ca ++ -dependent action potentials in K + -depolarized fibers (-41 mV resting Em) whose fast Na + channels are inactivated (Iijima and Pappano, 1979) . Palmityicarnitine and elevated Ca ++ augmented Ca ++dependent action potentials more readily when the initial [Ca ++ ]o was 0.9 mM rather than 1.8 mM. This observation is consistent with the hypothesis that palmityicarnitine acts like elevated Ca ++ , so that when the Ca ++ concentration is sufficiently high, palmityicarnitine is less able to effect a change in a calciumdependent function.
4. A shift of the steady state inactivation curve (f» -V) for Ca ++ -dependent action potentials to less negative potentials. The voltage shift was small (1 mV) when the initial [Ca ++ ]o was 1.8 mM, but voltage shifts of 3-6 mV were observed when initial [Ca + *]o was 0.9 mM. In bovine Purkinje fibers, Vh for Sr ++dependent action potentials was -38 mV as determined by voltage clamp experiments and by the elevated K + procedure used in our experiments (Vereecke and Carmeliet, 1975) ; addition of 0.5 mM Ca ++ shifted V h to -2 8 mV in their experiments. The augmentation of Ca ++ -dependent action potentials by palmityicarnitine could be attributed either to an increased i S i (secondary inward current) or to a decreased outward current. The carnitine moiety of the molecule has a quaternary ammonium group that conceivably could interfere with outward K + currents, but the concentrations of such ions as tetraethylam-monium required to inhibit are usually much greater than those of palmityicarnitine used in the present study. Barium, which blocked outward membrane currents, also increased the amplitude of i S i in sinoatrial node cells (Osterrieder et al., 1982) . The effect of Ba ++ on i s ;, which was specifically associated with a positive shift (3-4 mV) of the f«, -V relationship, was attributed to a neutralizing action of the cation on membrane surface charge. Isoproterenol, which increases i S i by a mechanism involving increased intracellular cAMP (reviewed in Reuter, 1982) , augmented the Ca ++ -dependent action potential but did not change the voltage-dependence for inactivation of this action potential. These results are like those obtained in voltage clamp experiments with i S i (Reuter, 1982) . It is tentatively concluded that the augmentation of Ca ++ -dependent action potentials by palmityicarnitine is related to a positive shift of the f«, -V relationship that increases i S i. 5. A positive inotropic effect that was independent of activation of yS-adrenergic receptors. Palmityicarnitine and elevated Ca ++ differed insofar as the former, at 3 X 10~5 M, tended to increase action potential duration, whereas the latter decreased it. The reason for this divergence is not known. In cardiac fibers, Ca ++ can regulate current flow by changing membrane surface charge (see below) and by carrying a transmembrane ionic current that directly and indirectly triggers the flow of outward repolarizing current (Isenberg, 1975; Bassingthwaighte et al., 1976; Kass and Tsien, 1976) . The latter mechanism has been proposed to explain the reduction of action potential duration by elevated Ca ++ . The failure of palmityicarnitine to reduce action potential duration could reflect its inability to increase outward current directly or indirectly. Palmityicarnitine differed quantitatively from elevated Ca ++ ; recovery from the effects of the former required 30-60 minutes, in contrast to reversal times of <5 minutes for the latter.
The resemblance between the effects of elevated Ca ++ and of palmityicarnitine on the Na + -dependent and Ca ++ -dependent components of the cardiac action potential indicate that palmityicarnitine, like Ca ++ , may influence ionic channel operation by an effect on surface charge. Frankenhaeuser and Hodgkin (1957) proposed that elevated Ca ++ shifted the ha, -V relation in squid axon to less negative potentials by reducing surface negative charge. Recent experimental results have supported the conclusion of Frankenhaeuser and Hodgkin, although it has been suggested that elevated Ca ++ may have an effect on the kinetics of Na + inactivation in addition to a screening of surface negative charge in squid axon, whereas the surface charge effect alone is sufficient to explain the actions of elevated Ca ++ in Myxicola axon (Shoukimas, 1978) . It has been proposed that incorporation of amphiphiles in the lipid region around ionic channels is responsible for the cardiac electrophysiological effects of lysophosphatidylcholine and palmityicarnitine Gross et al., 1982) . This is especially pertinent for L-palmitylcarnitine at 30 ftM which is below the critical micelle concentration (CMC; Arnsdorf and Sawicki, 1981; Corr et al., 1981) . According to this view, formation of micelles at concentrations greater than CMC could act as a constant course of monomers which are more readily incorporated in the lipid matrix of membranes . It may be speculated that insertion of the fatty acyl portion of the molecule into the lipid bilayer allows the positively charged carnitine moiety to be situated at the outer aspect of the membrane and thereby modify the surface charge. Incorporation of palmitylcarnitine into the plasma membrane may decrease surface negative charge either by displacing Ca ++ from binding sites and exerting a more intense effect on the electric field or by having an additive effect with that of endogenous Ca ++ .
Quinidine and lidocaine can shift the h«, -V relation to more negative potentials (reviewed in Hauswirth and Singh, 1979) in contrast to the actions of palmitylcarnitine. Moreover, local anesthetics depress contractility, whereas palmitylcarnitine had a positive inotropic effect. Palmitylcarnitine, at low concentrations, stimulated Ca ++ -ATPase and Ca ++ binding by sarcoplasmic reticulum (SR) membranes (Adams et al., 1979) . At high concentrations palmitylcarnitine inhibits Ca ++ -ATPase (Pitts et al., 1978; Adams et al., 1979) and Ca ++ binding (Pitts et al., 1978; Adams et al., 1979; Katz et al., 1980) in SR membranes. Palmitylcarnitine could increase enzymatic activity at low concentrations by causing minor structural changes as the molecule was incorporated into the lipid region around the protein and could decrease enzyme activity at high concentrations by removing phospholipids essential for the integrity of functional proteins (Adams et al., 1979) . The effects we observed are not consistent with delipidation of the plasma membrane by palmitylcarnitine because the membrane did not display signs of "leakiness" such as progressive depolarization. It is unlikely that palmitylcarnitine inhibited Na + , K + -ATPase and, thereby, depolarized the cells, because the resting membrane potential was not significantly changed. (We cannot exclude the possibility that a diffusion barrier permitted a gradient of palmitylcarnitine between cells at the surface and the interior of the preparation. Therefore, superficially located cells exposed to the highest concentrations of palmitylcarnitine may have been prevented from depolarizing by virtue of electrotonic interactions with more interiorly located cells that were exposed to lower, non-depolarizing concentrations of amphiphile.) Alterations of membrane ion transport in ischemic heart have been tentatively related to inhibition of Na + , K + -ATPase by metabolic factors such as palmitylcarnitine (Adams et al., 1979) . However, accumulation of acylcarnitine in ischemic hearts may not interfere with Na + , K + -ATPase activity sufficiently to inhibit the Na + pump because tissue K + content did not change (Liedtke et al., 1978; Feuvray et al., 1979) . The accumulation of palmitylcarnitine in the ischemic heart has been linked to a disturbance of Ca ++ metabolism (Feuvray et al., 1979) .
In canine Purkinje fibers, palmitylcarnitine (75-300 /JM) depolarized the membrane and decreased the amplitude, Vmax, and duration of the action potential . Acidic media (pH 6.7-6.8) potentiated these effects of palmitylcarnitine and also permitted a more rapid reversal of the effects (^1 minute) than observed at pH 7.4 (gl hour). The changes of fast Na + current by palmitylcarnitine are achieved primarily by depolarization in Purkinje fibers, whereas the amphiphile reduced Na + current without changing the resting potential in avian ventricular muscle. Perhaps avian ventricular muscle is less sensitive than the Purkinje fiber to the depolarizing actions of palmitylcarnitine. The different effects of the same concentration of palmitylcarnitine on ventricular muscle and on Purkinje fiber illustrate the complex electrophysiological derangements that can occur, and underscore the arrhythmogenic ability of this amphiphile in the ischemic heart.
The electrophysiological actions of lysophosphatidylcholine and palmitylcarnitine on Purkinje fibers are similar . Arnsdorf and Sawicki (1981) confirmed the observations of Corr et al. (1979) concerning the effect of high concentrations of lysophosphatidylcholine. Moreover, at low concentrations (10-20 ;UM), which are less than CMC (Hamori and Michaels, 1971) , lysophosphatidylcholine decreased Vmax and increased membrane resistance without changing the resting potential; the effects were reversed by superfusion with amphiphile-free solution for 30-120 minutes (Arnsdorf and Sawicki, 1981) . Arnsdorf and Sawicki attributed the reduction of Vmax at constant transmembrane voltage, an effect caused by palmitylcarnitine in avian ventricular muscle, to a blockade of fast Na + channels by a tetrodotoxin-like action or by a change in channel structure. The effect of low concentrations of lysophosphatidylcholine on steady state inactivation of fast Na + channels in Purkinje fibers has not been reported. Low concentrations of lysophosphatidylcholine decreased or increased action potential duration in Purkinje fibers. We consistently observed an increase of the amplitude and duration of Ca ++ -dependent action potentials; our result has also been interpreted as due to alterations in time-dependent plateau currents, primarily i s i (see Methods). However, an important effect of palmitylcarnitine on outward current cannot be excluded, particularly in light of the suggestion that lysophosphatidylcholine changes both inward and outward currents at plateau potentials (Arnsdorf and Sawicki, 1981) . It is noteworthy that Ca ++ -dependent action potentials persist in Purkinje fibers depolarized by lysophosphatidylcholine . Although the effect of lysophosphatidylcholine on the properties of these "slow response" action potentials has not been reported, it was concluded that the persistence of such action potentials contributes to the reentrant arrhythmias associated with myocardial ischemia (Amsdorf and Sawicki, 1981; Corr et al., 1982) .
Acyl carnitine has been implicated as a cause of metabolic injury in ischemic heart disease (reviewed in Opie, 1979) . It has been suggested that palmityl-carnitine can disturb ion transport by cardiac membranes and thereby contribute electrophysiological changes and contractility defects in the ischemic myocardium (reviewed by Katz and Messineo, 1981) . The reduction of Vma* of the Na + -dependent portion of the action potential by palmitylcarnitine can reduce conduction velocity and permit reentrant arrhythmias. Because conduction velocity is proportional to the square root of V m ax, the effect of palmitylcarnitine on conduction velocity would not be very large at the normal resting potential (-80 mV). On the other hand, the positive shift of the h<» -V relation may improve conduction if palmitylcarnitine is released into the interstitial space of cardiac cells depolarized during ischemia. The positive shift of the inactivation curve for the Ca ++ -dependent action potential may restore conduction in depolarized myocardium. In depolarized cells, prolongation of the duration of the Ca ++ -dependent action potential may increase the effective refractory period and protect the cells from the arrhythmogenic effect of premature impulses. However, these conditions are associated with a prolongation of Ca ++ influx and an increased force of contraction, effects which may be harmful to the ischemic myocardium.
